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Abstract

Aedes japonicus japonicus (Theobald) (Diptera: Culicidae) has recently expanded beyond its

native range of Japan and Korea into large parts of North America and Central Europe. Population

genetic studies begun immediately after the species was detected in North America revealed

genetically distinct introductions that subsequently merged, likely contributing to the successful

expansion. Interactions, particularly in the larval stage, with other known disease vectors give this

invasive subspecies the potential to influence local disease dynamics. Its successful invasion likely

does not involve superior direct competitive abilities, but it is associated with the use of diverse

larval habitats and a cold tolerance that allows an expanded seasonal activity range in temperate

climates. We predict a continued but slower expansion of Ae. j. japonicus in North America and a

continued rapid expansion into other areas as this mosquito will eventually be considered a

permanent resident of much of North America, Europe, Asia, and parts of Hawaii.
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INTRODUCTION

Aedes (Finlaya) japonicus japonicus (Theobald), the Asian rock pool or Asian bush

mosquito, is part of a species group consisting of four subspecies and one very closely

related sibling species (see below) whose native ranges encompass northeastern Russia to

southern China and Taiwan, including Japan, Korea, and associated islands (102). Beginning

in the mid- to late 1990s, Ae. j. japonicus, originally restricted to Japan north of the Ryukyu

Islands and the Korean Peninsula, has spread throughout North America and later into

Central Europe at a rate comparable to that of Ae. albopictus, the Asian tiger mosquito (69).
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In the approximately 15 years since it was recognized as established outside of its native

range, Ae. j. japonicus has been found in all US states east of the Mississippi River (except

Florida and Louisiana), in addition to Iowa, Missouri, Minnesota, Arkansas, Washington,

Oregon, Hawaii, and the Canadian provinces of Quebec and Ontario (4, 11, 16, 21, 25, 29,

30, 32, 39, 42, 58, 70, 74, 77–79, 81, 83, 103, 104) (Figure 1). The subspecies has also

become established Belgium, Germany, Switzerland, Austria, and Slovenia (38, 65, 89)

(Figure 1). In addition, it has been intercepted and eradicated at entry points to France and

New Zealand (57, 88).

Ae. j. japonicus is readily distinguished from similar mosquitoes in North America at both

the larval and adult stages and has been included in the most recent comprehensive

taxonomic keys (20). Adults have a distinctive bronze-colored, lyre-shaped pattern on the

scutum, and larvae have a linear arrangement of branched frontal setae and a strongly

spiculated anal saddle (20, 93). Ae. j. japonicus is distinctive compared to native species in

Europe, where it is most likely to be confused with other invasive species such as Ae.

albopictus and Ae. atropalpus (89) or, in particular, with Ae. koreicus (see below).

Although not considered a major vector of human pathogens, Ae. j. japonicus has been

implicated in outbreaks of Japanese encephalitis (JE) in Asia (100). In the United States, Ae.

j. japonicus has been found infected with West Nile virus (WNV) and La Crosse

encephalitis (LAC) (93, 114) and has been found to be a highly competent vector of several

other encephalitis viruses in laboratory studies (84–87, 90, 107, 108). Its role as a primary

disease vector in North America or Europe is unclear; however, the impact of Ae. j.

japonicus on local disease dynamics may result indirectly from its interactions with other

established and critical vector mosquito species (e.g., 59). In this review, we discuss the

characteristics of the subspecies in its expanded range that are likely involved in its invasion

success and what appears to be permanent establishment among mosquito species that

utilize container habitats in much of North America and Central Europe.

AEDES JAPONICUS SPECIES COMPLEX

Ae. japonicus is currently composed of four allopatric subspecies: Ae. j. japonicus, Ae. j.

shintienensis Tsai & Lien, Ae. j. yaeyamensis Tanaka, Mizusawa & Saugstad, and Ae. j.

amamiensis Tanaka, Mizusawa & Saugstad. The subspecies Ae. j. japonicus is a common

mosquito in Palearctic Japan (Hokkaido, Honshu, Shikoku, and Kyushu) and shows little

morphological variation in that region. Ae. j. japonicus is also found in Korea, where it

overlaps with Ae. koreicus. There is some evidence that the subspecies is established in

several areas in China (63, 113), although this awaits confirmation from molecular studies

and determination of whether the populations may have recently expanded from a more

restrictive native range. Ae. j. yaeyamensis is common on the Yaeyama Islands, the

southernmost islands of the Ryukyu Archipelago, and is quite distinct from the other

subspecies, although the diagnostic hind femur scale pattern clearly overlaps that of Ae.

koreicus. Ae. j. shintienensis, which occurs in Taiwan, closely resembles its northern

neighbor Ae. j. yaeyamensis in the aedeagus, implying a common ancestor, a possibility

supported by DNA-based phylogenetic analyses (17; see below). Aedes j. amamiensis is

found in Amami Ōshima, the northernmost islands of the Ryukyu Archipelago.
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Interestingly, although Ae. japonicus is considered absent from Okinawa, in the central

Ryuku Archipelago, two specimens collected in Okinawa were morphologically similar to

Ae. j. amamiensis (105, 106).

Close examination of the morphological evidence indicates there are insufficient diagnostic

traits to reliably separate the adults of each subspecies in the Ae. japonicus complex from

each other and from Ae. koreicus (102) (see sidebar, An Invasive Sibling Species). In

contrast, analysis of two mitochondrial loci and a nuclear locus indicates the four subspecies

are genetically quite distinct, averaging 8% nucleotide differences at the two mitochondrial

loci (17). Furthermore, they form a monophyletic group that surprisingly includes Ae.

koreicus as sibling to Ae. j. japonicus. These results suggest that a new taxonomic construct

should be considered in which the subspecies of Ae. japonicus are raised to species (17).

AN INVASIVE SIBLING SPECIES

Aedes koreicus, a very close relative of Ae. j. japonicus, has recently established in

Belgium and Italy (19, 111). These taxa are difficult to separate morphologically because

key features are not fixed in the two species and they also tend to be eroded during

routine handling of specimens. However, a DNA-based rapid assay has been developed

so that the species can be distinguished (17). Ae. koreicus is considered more

peridomestic in its native range than Ae. j. japonicus and is also considered to be a vector

of JE (65, 66, 90, 97). Because it is biologically similar to Ae. j. japonicus, it is quite

likely that Ae. koreicus will spread throughout other temperate regions in the world and

that it will eventually establish in North America. The spread of this species needs to be

monitored closely because it adds another potential aspect to human disease

transmission; however, it also represents a rare opportunity to examine the dynamics of

multiple invasive mosquito species during the early stages of range expansion.

BACKGROUND AND BIOLOGY IN THE NATIVE RANGE

Although Ae. j. japonicus is relatively common, even in large cities (102), it is not

particularly abundant in Japan and Korea. It has been implicated in JE transmission from

pigs to humans in areas where Culex vectors were absent or too rare to be involved (100). It

can be a nuisance biter in some locales but is not noted as an aggressive human biter (41, 56,

67, 102). Adults are active earlier in the spring and later in the fall compared with

ecologically similar species (41, 67, 102). Larvae of Ae. j. japonicus, which also are found

earlier in the year than other container-dwelling species (41), inhabit rock pools, tree holes,

bamboo stumps, and artificial containers, particularly those formed from stone or concrete

(67, 98). This subspecies tends to inhabit containers larger than those inhabited by similar

species (98, 99). Other ecological information is somewhat sporadic and anecdotal (56, 98)

and has been summarized by Scott (93). In general, this species tends to be inconspicuous in

its native range because it is not an aggressive human biter, is not commonly collected with

trapping methods typically used for adults (see below), and is not considered a primary

vector of human disease, yet it appears to be found in a wider variety of habitats compared

with ecologically similar species (41, 67, 98). Many of its native range characteristics—use

of diverse larval habitats, host feeding preferences, propensity for forested areas, and cold
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tolerance—are important components of its success as an invader and potential role in

disease transmission.

POPULATION GENETICS OF THE INVASION IN NORTH AMERICA

Fonseca et al. (26) examined the genetic signature at a mitochondrial DNA locus (ND4) and

several random polymorphic amplified DNAs (RAPDs) of several stages of Ae. j. japonicus

collected in 1999 in New Jersey, New York, Connecticut, Pennsylvania, and Ohio, and in

Maryland in 2000. Included for comparison were specimens obtained from collaborators in

six Japanese cities. Overall there were similar levels of genetic diversity in US and Japanese

populations of Ae. j. japonicus and evidence of at least two separate introductions of the

subspecies into the eastern United States. However, because mitochondrial DNA is sex-

linked, and RAPD analyses do not differentiate between neutral loci and loci under

selection, these results were considered inconclusive.

To test the hypothesis of a single introduction of Ae. j. japonicus into the United States, as

well as to examine changes over time and interactions between distinct genetic signatures

across a fine spatial gradient, Fonseca et al. (28) repeated and expanded the analyses using a

panel of newly developed microsatellite loci (115). To obtain reliable microsatellite loci for

Ae. j. japonicus, Widdel et al. (115) had to avoid the very abundant multi-copy DNA

common in Aedes (24, 64) by using a protocol developed for Pinus (22). These techniques

confirmed the existence of two abundant genetic forms in specimens originally collected in

1999–2000 that matched the disjunctive distribution of mitochondrial haplotypes (26).

Additionally, a fine-scale genetic map of Ae. j. japonicus using nearly 500 specimens

collected from 54 Pennsylvania counties in 2002–2003 enabled researchers to examine the

distribution of the two genetic types across Pennsylvania. By making direct comparisons

between specimens collected in 1999–2000 and new collections made in 2004–2005

obtained from the same areas in the northeastern United States, they observed that the strong

association between mitochondrial DNA haplotype and microsatellite signature seen in

1999–2000 had weakened significantly by 2002 across Pennsylvania. This trend continued

in 2004–2005 in Pennsylvania, New Jersey, and New York, indicating that distinct separate

introductions were merging. These studies provide a high-resolution analysis of the spatial

and temporal dynamics of the range expansion of Ae. j. japonicus and make this species an

excellent case study to examine postintroduction patterns of evolution. The merger of

multiple introductions partly hid the bottleneck subsequent to the introduction (28) and

maintained high genetic diversity, a trait associated with invasiveness (55). If multiple

introductions of mosquito species are a common occurrence, this phenomenon would

explain the often high genetic diversity of invasive species that has previously been assumed

to indicate introductions of large numbers of individuals (49, 110).

HOST RANGE AND IMPORTANCE AS A DISEASE VECTOR IN NORTH

AMERICA AND EUROPE

Ae. j. japonicus adult females feed primarily on mammals but also on birds (6, 37, 68, 93,

116). Blood meal analyses of wild-caught Ae. j. japonicus have shown many instances of

feeding on deer, but horse, opossum, chipmunk, and a high percentage of human blood
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meals (up to 63%) have been documented (6, 68, 93). The subspecies has been associated

with nuisance biting in some locales (e.g., 91) and has been described as a day or

crepuscular feeder in both its native and expanded ranges (41, 84, 93, 102). Direct evidence

for feeding on birds and thus being able to serve as a viable bridge vector for several

important viral diseases in North America is scant. Because WNV has been found in field-

collected adults (93, 108), natural bird feeding is implied. However, other evidence of a

willingness to take bird blood meals is based on maintenance of colonies using quail (116)

and from the virus transmission studies cited below. These traits make Ae. j. japonicus a

potential vector for several encephalitic diseases present in North America and Europe in

addition to its demonstrated capacity to vector JE.

Laboratory studies show that Ae. j. japonicus is a highly competent vector for JE, WNV, and

Saint Louis encephalitis (SLE) and a moderately competent vector for eastern equine

encephalitis (EEE) and LAC (84, 86, 87, 90, 100, 107, 108). JE virus can be passed

transovarially in this subspecies (100). Interestingly, Ae. j. japonicus had a higher estimated

transmission rate for WNV compared with several Culex spp., the primary vectors in many

areas of the world (107, 108). Scott (93) estimated the minimum field infection rate (MFIR,

number per 1,000 tested) of Ae. j. japonicus with WNV to be 5.2—a value comparable to

that for Culex spp. in areas of active WNV transmission, though the value for Ae. j.

japonicus may be somewhat inflated because of small pool sizes. Ae. j. japonicus has also

been shown to be a competent vector of dengue and chikungunya viruses (91). There is little

field-collected evidence to implicate Ae. j. japonicus as a major vector for disease in its

expanded range (90), but as a human blood feeder coupled with peridomestic habitat

preferences, it must be considered a high risk in some areas. Recent rises in LAC cases in

the Appalachian United States may be related to Ae. j. japonicus invasion dynamics, as it

interacts with the native vector, Ae. triseriatus, and to the relatively recent arrival of Ae.

albopictus in the area (59).

PHENOLOGY AND TEMPERATURE TOLERANCES

Ae. j. japonicus is a cold-tolerant species that overwinters primarily in the egg stage (for egg

surface characteristics, see 34), but sometimes in the larval stage (4, 5, 41, 50, 93). Bartlett-

Healy et al. (10) observed that Ae. j. japonicus larvae were more abundant in containers with

lower mean water temperatures than co-occurring species and that the presence of this

subspecies’ larvae was negatively correlated with temperature. Its range expansion is

presumably limited in the southern latitudes of the Northern Hemisphere by temperatures

regularly exceeding 30–35°C, and colonization of southern areas is usually associated with

higher elevation sites and well-shaded areas (11, 32, 33). In northern areas, its cold tolerance

and egg overwintering stage have likely allowed for rapid expansion into many areas. Scott

(93) found that although the Ae. j. japonicus larval development rate was positively

correlated with temperatures as high as ~30°C, higher temperatures were inhibitory and no

emergence occurred at rearing temperatures of 34°C or 40°C. Some larvae reared at 10°C

developed into adults, although the time to emergence was over 100 days (93). However, at

28°C, pupation success by fourth instars was poor, suggesting the developmental

temperature limit was being approached. Eggs hatched at a range of temperatures, from
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10°C to 40°C, with time to hatching from immersion to first instar varying inversely with

temperature (93).

Ae. j. japonicus is multivoltine in most areas and early observations of the subspecies in

Japan indicated that Ae. j. japonicus is active for a longer spring through fall period

compared with similar container-dwelling mosquitoes (see above). This is also true in its

expanded range (e.g., 4, 15, 27, 50). In some larval habitats, Ae. j. japonicus was the only

species found in early spring and appeared to hatch in the field at temperatures typically

associated with spring snow pool Aedes (15, 103). In more moderate winter climates,

overwintering larvae could account for some of these early-season records (8). The

laboratory studies on temperature and development, taken with the field observations of

higher relative larval abundance in early spring and late fall, suggest an important key to the

invasion success of Ae. j. japonicus: It gets a head start over many potential competitors and

this phenology may allow both added generations and less direct overlap with similar larval

stages of other species.

LARVAL HABITATS IN NORTH AMERICA AND EUROPE

Ae. j. japonicus utilizes a wide range of larval habitats. As the common name implies, it is

often found associated with rock pools in its native range, but many natural and artificial

containers are known oviposition sites within its current distribution. Within these general

categories of habitats, larvae have been found repeatedly in tree holes, tires, and containers

made of concrete, stone, plastic, or metal (4, 11, 33, 36, 44, 50, 51, 93, 98). The presence of

Ae. j. japonicus larvae in New Jersey was found to be positively correlated with containers

that were black/gray in color, primarily tires and large plastic buckets (10). Larvae of this

subspecies have also been found in stormwater drainage systems, including catch basins (4,

31, 74), and sometimes in noncontainer habitats such as rain pools and depressions in soil,

which are more commonly associated with floodwater mosquitoes or Culex spp. (4). Ae. j.

japonicus larval abundances in the newly expanded range are often particularly high in rock

pools and tires, with the invasive species dominating the mosquito fauna at many locations

and/or within a habitat category (5, 8, 11, 15, 50, 89).

Within any particular geographic locale, Ae. j. japonicus larvae tend to be found more

frequently in wooded/rural areas than in true urban sites (10) and this may be related to

temperature tolerances (see above). Some researchers have observed more larvae in shaded

habitats (8, 10), but others have found little evidence of discrimination between sunlit and

shaded habitats (4). In addition, some researchers have observed a preference for open

habitats or have found increased relative abundance of larvae in habitats located in sunlit

areas (45, 98). Ae. j. japonicus readily oviposits in open areas (61), but it is not clear

whether larval success is related to habitat microsite characters. Lorenz et al. (61)

hypothesized that algae in sunlit habitats could play a role in the invasion success, but they

found no overall preference for oviposition in containers that had been exposed to sun (high

algal production) versus those that were shaded (low algal production). Sota et al. (98)

suggested that Ae. j. japonicus egg resistance to desiccation plays a role in colonizing more

open-area larval habitats, though desiccation-resistant eggs are not a characteristic of

colonized strains in the United States (116).
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It is assumed that introductions and subsequent expansion of Ae. j. japonicus into Europe

and North America are associated with used tire imports and trade, as is the case for Ae.

albopictus and many other container species (117). Although tires are not thought to be the

means of introduction into Switzerland (89), the subspecies has been found in tires at ports

and other entry sites (57, 78, 88) and its propensity for ovipositing in tires is well known

(see above). Ae. j. japonicus is somewhat indiscriminate in its use of larval habitats, and the

transport and trade of lawn ornaments, plant pots, and a wide variety of stone or concrete

basins could serve as a means of spreading eggs and larvae. In addition, the consistent use of

rock pools by the subspecies suggests that movement along river corridors could aid

population dispersal (11).

INTERACTIONS WITH NATIVE SPECIES IN ROCK POOLS AND CONTAINER

HABITATS

Ae. j. japonicus co-occurs with many other mosquito species in the larval habitat (Table 1).

For many of these species it is unclear whether there is any significant interaction in terms

of resource competition or potential displacement. However, observations of larval

abundances in a variety of habitats throughout the invasive range have suggested that Ae. j.

japonicus is displacing at least two native species, Ae. triseriatus and Ae. atropalpus, from

some of their larval habitats and that interactions with another invasive species, Ae.

albopictus, may be limiting the extent of the Ae. j. japonicus invasion.

Interactions with Aedes atropalpus

Among the native species that appear to overlap strongly with Ae. j. japonicus in larval

habitats, Ae. atropalpus is most likely to be displaced. Ae. atropalpus is the native rock pool

mosquito in North America and thus could be considered the ecological equivalent to Ae. j.

japonicus. Interestingly, Ae. atropalpus also appears to have recently adapted to tires as

larval habitats (73), which likely facilitated its introduction into Europe. Ae. atropalpus is a

worrisome invasive species in Europe (65) but ironically could eventually be limited in its

distribution by the successful invasion of Ae. j. japonicus. Ae. atropalpus is generally not

considered to be a strong larval competitor with co-occurring species because it is primarily

autogenous and requires a longer larval development time (see below).

Several research groups in North America have observed lower relative abundance of Ae.

atropalpus in rock pools and tires after the introduction of Ae. j. japonicus (4, 5, 8, 11, 15,

94). In some cases, an absence of Ae. atropalpus in rock pools formerly known to

consistently harbor the native species suggests complete displacement by Ae. j. japonicus

(10). Though not typically a dominant member of larval mosquito communities in tires, Ae.

atropalpus has suffered a similar decline in relative abundance or has disappeared entirely

from these habitats in some locales as Ae. j. japonicus has established (5, 10, 50).

Laboratory competition studies between larval Ae. j. japonicus and Ae. atropalpus have been

few and somewhat equivocal. Using simulated rock pools and leaf detritus, Armistead et al.

(9) concluded that Ae. j. japonicus slightly outperformed Ae. atropalpus in terms of

reproductive potential, and attributed most of the advantage to the latter’s autogenous adult
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stages that presumably required more nutritional reserves acquired in the larval stage. Using

a lab diet of yeast and lactal-bumin added every 2 days, Hardstone & Andreadis (35) found

only weak evidence for competition, though Ae. j. japonicus generally had lower adult

mortality and achieved higher adult female size across a range of inter- and intraspecific

larval densities.

Interactions with Aedes triseriatus

Ae. j. japonicus and Ae. triseriatus larvae co-occur in a number of natural and artificial

containers, including tree holes and tires. Research groups have often reported that Ae. j.

japonicus is numerically dominant in tires and has increased its abundance in these habitats

in many parts of North America at the expense of Ae. triseriatus (5, 11, 15, 45, 50).

Although the invasive subspecies colonizes tree holes, sometimes in relatively high

abundance (11), there is little evidence to indicate that it will displace the native species in

these ancestral habitats. In a multiyear survey of over 60 tree holes in two different woodlots

in Michigan, Kaufman et al. (50) found consistently low abundances of Ae. j. japonicus

compared with Ae. triseriatus, with little evidence of an increasing trend over time. In that

study, Ae. j. japonicus larval abundance was maintained at nearly 50% of overall larval

abundance in tires found at the same location. Additionally, Bartlett-Healy et al. (10) found

no Ae. j. japonicus larvae in tree holes, but substantial populations in tires, as part of a

survey of container habitats in New Jersey.

Several studies that have examined larval competition between Ae. triseriatus and Ae. j.

japonicus conclude that only weak competition occurs and that the strongest constraints on

larval development are related to overall larval density regardless of whether the other larvae

are conspecifics or congenerics (1, 35, 40, 60). In a study using leaf detritus as the basal

resource, Alto (1) showed that, although Ae. j. japonicus may have an advantage in

development time when in competition with Ae. triseriatus, survival was reduced,

particularly under low resource levels, and potential rates of population increase were less

than those for Ae. triseriatus. Ingrassia (40) also found poor survival of Ae. j. japonicus

relative to Ae. triseriatus under conditions of low food resources (ground leaf material).

Similarly, Hardstone & Andreadis (35) used a lab diet and found no evidence of strong

competition between the two species. In that study, Ae. j. japonicus generally had faster

developmental rates and larger adult females, and adult mortality was not significantly

different from that of Ae. triseriatus, but larval survival was reduced when in direct

competition with the native species. Similar to the above-mentioned studies, Lorenz (60)

used decaying leaves and algae as basal resources in a field microcosm experiment and

found that Ae. j. japonicus developed faster than Ae. triseriatus regardless of inter- or

intraspecific species assemblages, and that both species showed enhanced adult production

when algal productivity was high.

Interactions with Culex restuans and Culex pipiens

Perhaps more than any other container-dwelling species listed here, Ae. j. japonicus

consistently co-occurs with Culex spp. Its ability to colonize stormwater drainage systems

including catch basins (4, 43, 74) and its use of sunlit container habitats (e.g., 45) and

habitats with higher organic matter content (112) mirror some of the oviposition selection
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habits of Cx. restuans and Cx. pipiens. Andreadis & Wolfe (5) noted a significant decline in

the relative abundance of Cx. restuans in containers in Connecticut after Ae. j. japonicus

became established in the state, and Murrell & Juliano (71) observed negative effects of Ae.

j. japonicus on Culex (primarily Cx. restuans) larval populations in artificial containers in

Missouri. However, Armistead et al. (8) observed no significant positive or negative

associations between Ae. j. japonicus larval relative abundance and either Cx. pipiens or Cx.

restuans in a survey of containers in Virginia. Kaufman et al. (50) observed an increase in

Culex spp. larval abundance in tires when Ae. j. japonicus larvae declined during one year of

a multiyear study in Michigan. Overall, there is little evidence to suggest that Culex larval

populations are as negatively affected by the Ae. j. japonicus range expansion in the United

States, in contrast to what has been seen in larval populations of Ae. atropalpus and Ae.

triseriatus.

Direct larval competition studies between Ae. j. japonicus and Culex spp. are limited. In a

study using a lab diet, Hardstone & Andreadis (35) found that Cx. pipiens larval survival

was higher than that of Ae. j. japonicus when in interspecific competition, but other

indications of asymmetrical competition were lacking. Also in that study, Ae. j. japonicus

generally had faster pupation times and reached larger female sizes than Cx. pipiens across

the range of treatment densities in both intra- and interspecific competition. Lorenz (60)

found that Ae. j. japonicus generally outperformed Cx. pipiens in microcosms with leaves

and algae as basal resources. Although low emergence rates for both species obscured

conclusions, only Ae. j. japonicus emerged as adults from the interspecific competition

treatment. To our knowledge, no studies have examined direct larval competition between

Ae. j. japonicus and Cx. restuans or Culex spp. other than Cx. pipiens. Because there seems

to be evidence of displacement in larval habitat interactions between Ae. j. japonicus and Cx.

restuans (see above), competition studies with those two species in tires or microcosms are

warranted.

Interactions with Aedes albopictus

The potential interaction between two invasive container-dwelling mosquito species, one

moving into the United States from the south and the other from the northeast, is intriguing

from many perspectives. Leisnham & Juliano (59) have reviewed this within the context of

LAC emergence in Appalachia but repeatedly note that relatively little is known about the

Ae. j. japonicus side of the interaction. In areas of overlap, the two species seem to coexist

without much evidence of displacement. This is partly because prior baseline abundance

levels have not often been established while both species are still expanding their ranges. In

Virginia, Armistead et al. (8) found a significant negative association between Ae. j.

japonicus and Ae. albopictus larval abundances and suggested that interspecific repulsion

via crowding accounted for the result. Ae. j. japonicus larvae generally encountered higher

numbers of Ae. albopictus larvae than conspecifics across a range of containers but probably

circumvented direct competition owing to faster larval development early in the year.

Bartlett-Healy et al. (10) found that the two species in New Jersey were segregated on the

basis of container type and container characteristics to a great extent, with Ae. japonicus

being more rural and found in containers with lower mean water temperatures.
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The few studies that have examined direct competition show that Ae. albopictus is the

superior larval competitor, as it is in most studies of competition with other larval species

(48, but see 47 for exceptions). In a field study using leaf material in microcosms and

natural populations of Ae. j. japonicus and Ae. albopictus, Armistead et al. (7) found that Ae.

albopictus had a higher potential population growth rate overall and in interspecific

competition with Ae. j. japonicus. Kesavaraju et al. (52) found similar results in a laboratory

study and further showed that Ae. j. japonicus was more susceptible to the pesticide

malathion. Under conditions of interspecific competition between the two species in the

presence of malathion, the developmental advantages of Ae. albopictus larvae were

magnified. Larval competition between Ae. j. japonicus and Ae. albopictus may also be

altered by the presence of predators and parasites (see below).

Taken together, studies of interactions and larval competition between Ae. j. japonicus and

established species in North America suggest that the success of the invasive species is not

related to superior competitive ability in the larval stage, as is thought to be a component of

the invasion success of Ae. albopictus (48, 69). Weak or no competitive advantages for Ae. j.

japonicus larvae have been detected thus far, and with the exception of Ae. albopictus, Ae. j.

japonicus larvae fail to distinguish between conspecifics and co-occurring larval species

such that intra- and interspecific larval competition outcomes are comparable and density

dependent. In several studies, however, Ae. j. japonicus appeared to have a developmental

speed advantage over the native species regardless of competition type (intra- or

interspecific) being examined, but this finding needs to be verified with more experiments

under field conditions and over a wider range of temperatures. The results from laboratory

competition studies varied with larval food resources, and this also should be explored in

future experiments. Additionally, almost all competition experiments have utilized a single

strain of Ae. j. japonicus originating in the Rutgers Center for Vector Ecology lab [a notable

exception is the study conducted by Armistead et al. (7)] because of the relative difficulty in

starting and maintaining viable colonies from field sources (see below). It remains to be seen

whether the strain is representative of the diversity in established field populations.

Coexistence with or displacement of native species and Ae. albopictus may include some

aspects of superior larval competitiveness but more likely relate to the use of diverse

containers, the tolerance of low temperatures, interactions with predators and parasites (see

below), and the accelerated activity of Ae. j. japonicus earlier in the year, which may allow

the subspecies to avoid intense larval competition entirely. Invasion success of a mosquito

species is clearly related to a multitude of factors (48, 62), among which direct larval

competitive ability may play a minor role or be important only under particular

circumstances (46). Ae. j. japonicus alters the relative abundances of existing species in

larval habitats, which may have implications for disease transmission regardless of any

complete displacement in larval habitats. Bevins (12, 13), for example, has presented

evidence that Ae. triseriatus may become a more efficient vector of LAC after emerging

from larval habitats that contain competing Ae. albopictus. Other studies have shown that

stresses in the larval environment, in the form of either competitors or abiotic influences,

can greatly affect the vectorial capacity of emerging adults, often leading to an increased

ability for virus transmission (2, 72).
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Even if Ae. j. japonicus appears to be displacing species from larval habitats, there is little

indication that a related decline in adult populations of these mosquitoes is occurring.

Rochlin et al. (80) present evidence based on light trap data that Ae. triseriatus adult

numbers are declining in an area where both Ae. j. japonicus and Ae. albopictus are also

present. However, differences in trap efficiency for collecting adult Ae. j. japonicus versus

other species raise questions about accurate relative adult population estimates. More studies

are needed to determine, for example, whether Ae. atropalpus adult populations have

suffered severe declines in areas now colonized by Ae. j. japonicus in view of the observed

severe declines in larval populations of the former.

PREDATORS AND PARASITES

Very little is known about specific parasites and predators of Ae. j. japonicus. In its native

range an unclassified microsporidian and a gregarine parasite, Ascogregarina japonicus,

appear to be associated primarily with this species complex (23, 82, 101). However, they

have not yet been found with the subspecies in its expanded range. Ae. j. japonicus can be

infected by the same ascogregarine that infects Ae. albopictus and that parasite has been

found in a few field-collected Ae. j. japonicus larvae. Because the Ae. albopictus

ascogregarine Ascogregarina taiwanensis can complete its life cycle in Ae. j. japonicus, its

presence might influence interactions between the two species, with Ae. albopictus

potentially benefitting from host dilution (23). Ae. j. japonicus larvae are susceptible to

general predators in the environment, and two studies have examined the foraging behavior

of larvae that might influence susceptibility to Toxorhynchites. One study (75) was designed

to investigate foraging behavior under different food conditions but concluded that Ae. j.

japonicus was more susceptible to Toxorhynchites predation because of greater browsing

activity below the water surface. A more recent study that examined larval foraging

behavior in the presence and absence of predator cues concluded that Ae. albopictus was

more susceptible to Toxorhynchites rutilus (53). Additionally, Ae. j. japonicus is less

susceptible to T. rutilus predation than Culex spp., which have different foraging behaviors

than Aedes spp. in general (71). Therefore, it is not yet clear whether Ae. j. japonicus has

any behavioral advantage over co-occurring larval species in the presence of a common

predator. Toxorhynchites, however, is generally found in more southern locations and does

not overlap as much with the current expanded range of Ae. j. japonicus in North America as

it does with Ae. albopictus or Culex spp., although Tx. rutilus appears to be moving

northward in the United States (54).

ESTABLISHMENT OF LABORATORY COLONIES AND OTHER PRACTICAL

CONSIDERATIONS

Several Ae. j. japonicus laboratory colonies have been successfully established, but this

species appears to require special care compared with several other co-occurring species

(e.g., Ae. triseriatus, Ae. albopictus, Ae. atropalpus, Cx. pipiens) in the United States (37,

116). Only a few colonies exist, although the Rutgers Center for Vector Biology currently

maintains colonies started from specimens from the two original strains established in the

northeastern United States (New Jersey and Pennsylvania) and from specimens collected in

Hawaii. These colonies were started from field collections, sometimes with few individuals,

Kaufman and Fonseca Page 11

Annu Rev Entomol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



but have always required forced mating often followed by free mating in enclosures with

high densities of adults (37, 116). Even though blood meal analyses show the species to be

predominantly mammophilic, they have been maintained on quail, partly for economic

reasons (116). Fecundity from field-collected adults has been estimated at 114 eggs per

female (76) and lab-reared females have similar values (37). Eggs are readily deposited in

small, dark containers with a rough substrate such as seed germination paper or Styrofoam

(96, 116). Ae. j. japonicus egg storage requires higher humidity than other Aedes spp.,

suggesting a low tolerance to desiccation (116), though this is in contrast to field

observations by Sota et al. (98) in its native range. Eggs are deposited almost exclusively in

the hours just after sunset and before dawn (93), and egg surface characteristics that

distinguish Ae. j. japonicus from other Aedes spp. have been described (34).

Although Ae. j. japonicus is often very abundant in some locations according to larval

sampling studies, adults are not readily trapped with conventional methods. Therefore,

common surveillance methods that utilize CDC (Centers for Disease Control and

Prevention) or New Jersey light traps, or even the BG-Sentinel trap developed for day-biting

mosquitoes, likely underestimate populations of Ae. j. japonicus (e.g., 93, 103). Many

researchers consider gravid traps or oviposition traps better methods to collect adults and

monitor for presence of the subspecies (50, 95, 96); however, some standard oviposition

traps are ineffective for surveillance of this species (4). The use of polystyrene floats or

pieces of rough cloth for oviposition substrates aids in egg collection (50, 96). Recently, a

modification to CDC, CO2-baited light traps, namely an additional octenol-based lure, has

shown great promise in increasing catch rates of Ae. j. japonicus adults by as much as 100

times over normal CDC light traps (3). One of the best methods for detecting the subspecies

in an area, however, is the surveillance of larval habitats. Placing a dark plastic bucket with

some decaying leaf material and water in an appropriately protected area is a cost-effective

and simple means of detection (50).

CONCLUSIONS

The range expansion of Ae. j. japonicus has been rapid and extensive. In contrast to Ae.

albopictus, which expanded in the United States at a similar rate, Ae. j. japonicus does not

appear to have a remarkable intrinsic capacity for population growth and it is not a clearly

superior larval competitor when compared with many co-occurring native species. Instead,

our review of the ecology and phylogenetics of this subspecies indicates the main reasons

for its success:

• Multiple introductions maintaining high genetic diversity, a feature often associated

with invasiveness.

• A wide-ranging use of potential larval habitats that include typical natural and

artificial containers as well as stormwater drainage system components. This ability

not only allows colonization of diverse habitats, but also may help the range

expansion of the species because of cross-regional transport of domestic containers,

tires, and perhaps even construction supplies and equipment.
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• A tolerance for cold temperatures by both larvae and adults. In temperate climates,

Ae. j. japonicus extends the range of seasonal activity beyond that of native

container dwellers. In addition, the subspecies can overwinter as eggs or as larvae

in milder climates.

• The ability to establish early in the season and remain active longer, allowing Ae. j.

japonicus to circumvent intense larval competition or stagger its exposure to co-

occurring species in the often highly density-dependent, resource-limited

environment of the larval habitat.

Ae. j. japonicus should continue to expand its worldwide range, albeit at a decelerated rate,

in North America. It is likely that Ae. j. japonicus will eventually overlap considerably with

the current and potential ranges of Ae. atropalpus, since these two species are so similar in

their ecological characteristics. The potential for Ae. atropalpus expansion is discussed by

Scholte et al. (92). Expansion across Europe appears more possible because of the many

favorable climates and habitats in nearby Eastern Europe, Scandinavia, and Russia (109).

However, transport of suitable containers between European countries is more restricted

than interstate and US–Canadian transport (14). This may limit the rate of expansion in

Europe to something more similar to those of Ae. albopictus, a species that arrived in Europe

in 1979 but is still well short of its potential range in the region (18). In addition, increasing

temperatures in the Northern Hemisphere may begin to reduce the range of Ae. j. japonicus

in this century. Climate change models indicate that Ae. j. japonicus could eventually be

restricted to the northern US states and Canada and that part of the range restriction will

involve the northward spread of Ae. albopictus as temperatures rise (80). However, these

predictions assume that Ae. j. japonicus will be unable to adapt to higher temperatures, an

assumption that is being tested, especially in surprising new locations for this species such

as Hawaii, where Ae. j. japonicus is now also established (58). Regardless of the eventual

final range, we should now consider Ae. j. japonicus as part of the normal mosquito fauna in

much of North America and Europe.
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SUMMARY POINTS

1. Ae. j. japonicus has greatly expanded its range to include large parts of North

America, Europe, and Hawaii. The rate of its expansion rivals that of Ae.

albopictus. Importantly, their co-occurrence in North America hinges on the

ecology and temperature tolerances of Ae. j. japonicus relative to those of Ae.

albopictus. Comparisons of the two invasive species as they expand and adapt to

their new ranges may uncover critical processes that drive mosquito

populations, exotic or native.

2. Population genetic studies of Ae. j. japonicus in North America, which began

very shortly after the species was identified outside its native range, found clear

evidence of the occurrence of more than one introduction into the northeast, an

area where the species has become widespread. Comparisons across time

demonstrated that initially isolated introductions have merged, a process that

may be related to increased invasiveness.

3. Ae. j. japonicus is a competent vector of several arboviral diseases, is associated

with peridomestic habitats, is known to feed on humans, and should be

considered a risk for transmission of pathogens, particularly arboviruses. Also,

because its presence can affect populations of other disease vectors in larval

habitats, it may be affecting disease system dynamics indirectly.

4. The rapid spread of Ae. j. japonicus is likely related to its cold hardiness and

expansive use of container habitats for oviposition and larval development.

Transport via used tires is clearly involved, but a wide variety of artificial

containers moved through commercial or domestic means would also serve in

dispersal. An additional propensity to utilize rock pool habitats along river

corridors may play a role.

5. Although Ae. j. japonicus appears to be displacing or reducing the abundance of

native mosquito species, particularly Ae. atropalpus and Ae. triseriatus, in many

larval habitats, initial studies of interspecific competition do not indicate a

superior competitive advantage. Instead, this invasive subspecies may be

increasing in relative abundance because of an expanded seasonal activity range

in temperate climates that allows an early start in spring in larval habitats and a

longer window for oviposition activity in the fall.

6. The recent worldwide spread of Ae. j. japonicus and its sibling species Ae.

koreicus presents a unique opportunity to examine the impacts of multiple

introductions of exotic vectors on disease systems and on the populations of

native mosquito species. Their spread also indicates an increase in the expansion

rate of new exotic mosquitoes and potential disease vectors, and the need to

develop strategies to curb their spread while reducing or eliminating established

populations.
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Figure 1.
Current distribution map of Aedes japonicus japonicus at the state or province level in North

America and the country level elsewhere. Note that this subspecies is established in Hawaii

and has putatively been collected in parts of China and southeastern Russia.
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Table 1

List of North American species that have been reported to co-occur with Aedes j. japonicus in larval habitats

and estimates of potential for interaction with the invasive species

Co-occurring species Potential for interactiona
Evidence of negative effects on native
species or larval competition? Reference(s)

Aedes albopictus (Skuse) +++ Some habitat segregation between the two
species; Aedes japonicus inferior competitor
in lab and field studies

7, 8, 10, 52

Aedes atropalpus (Coquillett) +++ Reduction or elimination in rock pools and
tires; Aedes japonicus marginally better
competitor in lab studies?

4, 5, 8–11, 15, 35, 50,
94

Aedes hendersoni (Cockerell) + N/A N/A

Aedes triseriatus (Say) +++ Reduction in tires; little evidence of
asymmetric competition in lab studies

1, 5, 11, 15, 35, 40,
45, 50

Anopheles barberi (Coquillett) + N/A N/A

Anopheles punctipennis (Say) ++ Displacement in tires? (Unexpectedly absent
in surveys)

103

Anopheles quadrimaculatus (Say) + N/A N/A

Culex pipiens (Linnaeus) +++ Reduction in some containers; little evidence
of asymmetric competition in lab studies

35, 60

Culex restuans (Theobald) +++ Reduction in tires and other artificial
containers

5, 71

Culex salinarius (Coquillett) + N/A N/A

Culex territans (Coquillett) ++ N/A N/A

Culiseta melanura (Coquillett) + N/A N/A

Orthopodomyia signifera (Coquillett) ++ N/A N/A

Toxorhynchites rutilus (Dyar & Knab) ++ Predator on Aedes j. japonicus; evidence of
negative impact on Aedes j. japonicus in lab
and field studies

53, 71

a
Low (+) to high (+++) potential based on overlapping use of container types and high relative abundance of each species.

N/A, not available.
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